We present an experimental method allowing a direct measurement of the local rheological behavior of complex fluids. A magnetic probe is inserted into the bulk of the fluid and submitted to a controlled magnetic force or torque, which induces a mechanical perturbation of the fluid. The geometry of the perturbation can be varied using two kinds of probes: a magnetic bead submitted to a homogeneous magnetic force in one direction, and a magnetic needle that can turn inside the material under the effect of an applied magnetic torque. Two complex viscoelastic fluids are investigated. First, a surfactant solution, which has a linear mechanical behavior in the range of the applied stresses, is used to test and validate the experimental methodology. We then use the local probes to investigate a Laponite colloidal suspension, which exhibits nonlinear behavior such as thixotropy, shear thinning, and aging. In this latter fluid, we find an exponential growth of the rheological relaxation time versus the system age, a power-law dependence of the fluid viscosity on the applied stress, and a dynamical yield stress which saturates with the fluid aging time.
I. INTRODUCTION
Complex fluids such as colloids, emulsions, foams, polymer or surfactant solutions are multiphasic materials ͓1͔. Their constitutive entities are in interaction; the competition between the different energies generates structures at many different length scales in the fluid. This results in a diversity of the fluid macroscopic rheological behavior, which can vary as a function of time ͑aging ͓2͔͒, or as a function of the applied stress ͑elastic-plastic transition ͓3͔, shear thinning, shear thickening, thixotropy ͓4͔͒.
The rheology of these soft materials has been the subject of many investigations. Experimentally, several methods are frequently used. Classical rheometry consists of globally shearing ͑stressing͒ the sample between two plates and recording the stress ͑strain͒ applied by the sample onto the shearing plate ͓5͔. This allows the geometry and the frequency of the shear to be varied and is a very powerful technique to investigate materials with a linear response. However, in the case of nonlinear materials, the deformation field inside the sample does not decrease linearly with increasing distance from the shearing plate. Models based on an inhomogeneous strain distribution inside the stressed fluid accurately account for the nonlinearities of the macroscopic stress-strain curve ͓3,6͔. Nevertheless, the results obtained by using standard rheological measurement do not directly account for such heterogeneities. Dynamic light scattering and diffusive wave spectroscopy involve measuring the correlation function of the positions inside the material. These methods can be either nonintrusive if the objects followed are constitutive of the studied material ͓7-11͔, or intrusive if tracer particles are added to the material ͓7,11͔. In order to link the observed diffusive motion of the followed objects to the internal mechanics of the material, microscopic mechanical models have been formulated ͓7,11,12͔. However, in the case of nonequilibrium systems presenting an aging behavior, no obvious relation exists in theory ͓13͔ although such a link is experimentally observed and thus empirically assumed.
Recently, direct microscopic rheological measurements have been developed in the domain of biophysics, to investigate the micromechanics of complex biological systems ͑network of actin filaments, or living cells͒ on the scale of its constituents ͓14 -17͔. A microscopic magnetic bead is inserted into the material to be investigated and submitted to a controlled magnetic force. The bead displacement in response to the external perturbation then gives access to the measurement of the local viscoelastic moduli. An alternative method, based on the rotation of colloidal magnetic probes, is also commonly used to measure the local viscosity of fluids at the nanoscopic scale ͓18͔.
In this paper, we generalize these experimental methods to allow the systematic direct investigation of the local rheology of complex fluids. Two tools are developed, based on the translation or rotation of a magnetic probe inside the fluid to be investigated under the effect of an applied magnetic force or torque, which equilibrates with the elastic and viscous forces or torques applied by the fluid to the probe. Using an appropriate model for the viscoelastic behavior of the fluid, the equation of motion of the probe is deduced. An analysis of the probe displacement allows the fluid elastic and viscous moduli to be measured. We use two types of magnetic probes inserted in the bulk of the material: a paramagnetic spherical bead submitted to a constant magnetic force which adopts a translation motion in the material, and a *Corresponding author. Email address: elias@ccr.jussieu.fr ferromagnetic needle submitted to a magnetic torque, which rotates in the fluid. These two probes allow the geometry of the perturbation to be varied.
The paper is organized as follows. The experimental setup is presented in Sec. II. The experimental methodology is then validated using a linear viscoelastic fluid ͑Sec. III͒, comparing the fluid rheological characteristics determined using the two types of local probes to measurements performed using a standard rheometer. In Sec. IV, local probes are used to describe the local rheology of a complex colloidal glass, a Laponite suspension. The aging behavior, shear thinning, and thixotropy of this fluid are investigated. The results obtained and the further applications of this technique are discussed in Sec. V. Because the probes are macroscopic ͑their typical size is 1 mm͒, the results are not at this stage qualitatively different from the results that can be obtained using standard rheometry. However, the fluid is investigated at a local scale. A promising application of the experimental method presented here is the variation of the rotating probe size from millimetric to nanoscopic, in order to probe, by the means of rheology, all the different pertinent length scales of the fluid. Another possible application is the determination of the viscoelastic properties of anisotropic materials.
II. EXPERIMENTAL SETUP

A. Translation of a paramagnetic bead
This technique is based on the linear translation of a magnetic spherical bead in the fluid under the effect of a controlled homogeneous magnetic force. The bead, made of steel, has a radius Rϭ0.5 mm. The measurement of the bead magnetization as a function of an applied magnetic field, performed using a Foner device ͓19͔, shows that the bead has a paramagnetic behavior. For the magnetic field amplitudes used in the experiments, the bead volume magnetization M B increases linearly with the applied magnetic field H: M B ϭH, where is the bead magnetic susceptibility.
Inside the complex fluid to be investigated, the bead is submitted to a magnetic force F generated by the gradient of the magnetic field H,
where V B is the bead volume. To ensure that F is constant along the bead displacement, a homogeneous gradient of H 2 is generated using two pieces of soft iron placed inside a coil in the configuration illustrated in Fig. 1͑a͒ . The variation of H 2 along the horizontal z axis is presented in Fig. 1͑b͒ : it FIG. 1. ͑a͒ Top view of the experimental setup used in order to induce a linear displacement of a magnetic steel bead inside a complex fluid under the effect of a magnetic force. The fluid is placed in a closed cylindrical chamber of 1 cm diameter and 1 cm height and the magnetic bead ͑radius R ϭ0.5 mm͒ is inserted in the bulk. Two pieces of soft iron inside a coil generate a homogeneous gradient of H 2 ͑H being the amplitude of the external magnetic field͒ in the z horizontal direction. Therefore, a homogeneous magnetic force is applied on the paramagnetic bead. The underlying grid on the image is a millimetric grid. ͑b͒ Plot of H 2 as a function of the distance to the center of the polar pieces in the z direction for different intensities I of the electric current in the coil: the gradient of H 2 is constant for 1 cmϽz Ͻ3 cm. Inset, variation of ٌH 2 vs I in the region 1 cmϽzϽ3 cm.
remains linear over a 2 cm wide region. In this region, the external magnetic force is along the z axis and the amplitude of the force can be controlled by varying the intensity of the electric current in the coil.
A cylindrical sealed chamber of 1 cm diameter and 1 cm height is filled with the fluid to be investigated. The magnetic bead is inserted in the bulk of the fluid by using a magnet. When the magnetic field is applied, the bead moves along the direction of the z axis. The coil is driven by an alternating square wave form electric current, therefore the relaxation of the bead motion with or without the applied magnetic force can be analyzed. The bead displacement is followed using a charge-coupled device camera placed above the chamber, the images are digitized by the frame grabber of a computer, and the space-time diagrams are recorded in order to obtain the bead displacement z versus time t.
To calibrate the magnetic force using Eq. ͑1͒, the bead magnetic susceptibility has to be determined. This is achieved by placing the setup with the z axis pointing upwards, with the chamber filled with glycerol, a Newtonian viscous fluid. In the absence of an applied magnetic force, the bead falls due to its own weight P B , with a constant velocity u 1 ϭ P B /(6R) where is the glycerol viscosity and P B ϭ⌬V B g, with ⌬ the density difference between steel and glycerol ͑Stokes experiment͒.
1 When a magnetic force F is applied, the bead moves upwards with a constant velocity u 2 ϭ(FϪ P B )/(6R). This allows to check the homogeneity of the applied magnetic force along the z axis. Using Eq. ͑1͒, the bead magnetic susceptibility is
Using a bead of radius Rϭ0.5 mm, we determine the magnetic susceptibility of the steel bead to be ϭ3.9.
2
In the subsequent experiments ͑Secs. III and IV͒, the contribution of gravity is suppressed by placing the z axis in the horizontal position, so that the magnetic force is the only external force to be considered for the horizontal bead displacement. Setting the intensity of the electric current in the coil at a fixed value between 0 and 6 A, the amplitude of the applied magnetic force can be adjusted between 0 and 50 N.
B. Rotation of a ferromagnetic needle
For this technique, a cylindrical ferromagnetic needle is made to rotate in the bulk of the studied fluid under the influence of a controlled magnetic torque. The needle, made of nickel, has a diameter of 50 m and a length of 650 m. We assume the volume magnetization of the Nickel needle to be the same as the bulk volume magnetization M N ϭ4.85ϫ10 5 A m Ϫ1 , since demagnetizing effects are negligible for such a geometry. M N is aligned along the long axis of the needle. Using the experimental setup illustrated in Fig.  2 , a magnetic torque is applied to the needle by means of a static magnetic field whose direction makes an angle ␤ with respect to the initial orientation of the needle. If one defines , the angle through which the needle has turned with respect to its initial orientation along the y axis, the magnetic torque exerted on the needle can be written,
where V N is the needle volume and
In the following, ␤ is fixed to 45°and H is the system control parameter. For the magnetic field amplitudes used in the experiment (0ϽH Ͻ6 kA m Ϫ1 ), ⌫ 0 can be varied between 0 and 4ϫ10 Ϫ9 J. A cylindrical sealed chamber of 1 cm diameter and 1 cm height, filled with the fluid to be investigated and containing the needle is placed under a microscope, and the rotation of the needle towards the static magnetic field direction is followed using video imaging as previously described. The space-time diagrams give plots of the needle rotation as a function of time. Measurements in glycerol cannot be performed because of the sedimentation of the needle which occurs too rapidly to allow a precise measurement.
1 The Reynolds number is small enough to ensure a Stokes flow: ReϷuR/vϷ10 Ϫ2 , where v is the fluid dynamic viscosity. 2 This value of corresponds to an effective magnetic susceptibility for the steel bead, which is due to its shape. For a finite object, the effective susceptibility is ϭ bulk /(1ϩ bulk D), where bulk is the magnetic susceptibility of the bulk material and D is the demagnetizing factor, due to the magnetic dipolar interactions inside the object. D strongly depends on the object shape: Dϭ1/3 for a spherical monodomain bead. As bulk Ϸ10 3 ӷ1/D for steel, the effective susceptibility of the steel bead is Х1/DХ3, which is of the order of magnitude of the measured value ͑the discrepancy probably comes from the bead not being perfectly monodomain, thus D Ͻ1/3͒. Fig. 1͑a͒ and the magnetic needle is inserted in the bulk. Two pairs of coils in the Helmholtz configuration provide a magnetic field whose direction can be adjusted. The applied magnetic field used in the experiments is either rotating if the two pairs of coils are supplied with an alternating current 90°out of phase, or static making an angle of ␤ϭ45°with the needle initial orientation as sketched here.
Equations ͑1͒ and ͑2͒ give the magnetic force applied to the bead and the magnetic torque applied to the needle as a function of the control parameters. When the probe is inserted in the fluid under investigation, this force ͑torque͒ equilibrates with the fluid viscous and elastic forces ͑torques͒ applied to the bead ͑needle͒, which can therefore be measured.
III. VALIDATION USING A LINEAR VISCOELASTIC FLUID
In this section, a fluid having a linear Maxwellian rheological behavior is investigated. Three different experimental methods are used to measure the viscoelastic characteristics of the fluid: a standard Couette rheometer, a magnetic bead inserted in the fluid and submitted to a magnetic force, and a magnetic needle submitted to a magnetic torque inside the fluid. Each method shows that the rheological behavior of the fluid is Maxwellian in the range of the applied stress. The numerical values of the fluid viscous and elastic moduli determined independently in each method are identical within experimental errors. This validates the experimental methodology based on the use of the two local rheological probes.
A. Sample description
It is well known that surfactant molecules in aqueous solutions can form long elongated wormlike micelles above the critical micellar concentration ͓3,20͔. The micellar growth is controlled by several parameters such as surfactant concentration or the addition of a salt. The equilibrium static and dynamic properties of these locally cylindrical surfactant assemblies depart from those of a polymer solution whose dynamics is described by the reptation model ͑characteristic time rep ͒ in the sense that flexible wormlike micelles can break and recombine reversibly with a characteristic time break .
A specific model ͓21͔ has been developed to describe the dynamical properties of these systems. In the regime when scission reactions are rapid on the time scale of reptation ( break Ͻ rep ) the stress relaxation is a single exponential. Solutions of surfactant are then good examples of well characterized viscoelastic fluids, exhibiting a Maxwellian behavior.
The system chosen for this study is composed of the cationic surfactant cethyltrimethylammonium choride ͑CTAC͒ in distilled water and an additive salt ͑sodium salicylate, NaSal͒ which favors the formation of micelles. The molar concentrations are, respectively, ͓CTAC͔ϭ0.1 M and ͓NaSal͔ ϭ0.17 M.
B. Standard rheology
We initially characterize this system using a standard Couette rheometer fitted with a cone and plate device ͑4 cm diameter, 2°angle͒. From oscillatory shear measurements the linear viscoelastic domain is first determined by a stress sweep ͑0.5-25 Pa͒ at a constant angular frequency ( ϭ6.3 rad s Ϫ1 ). The storage GЈ and loss GЉ moduli are then measured by an angular frequency sweep in the range between 0.063 and 63 rad s
Ϫ1
.
In the case of a Maxwell fluid ͑single relaxation time͒, the angular frequency dependence of GЈ and GЉ are given by
where the relaxation time R is defined as the ratio of viscosity and shear modulus G,
The linear representation of GЉ versus GЈ is a semicircle ͑Cole Cole plot͒ which is characteristic of a Maxwell behavior. Figure 3͑a͒ presents the Cole Cole plot for the investigated surfactant sample at Tϭ25°C. The solid line, which represents the predictions of the Maxwell model ͓Eq. ͑3͔͒, is in good agreement with the experimental results. Such an analysis gives G(25°C)ϭ(48Ϯ9) Pa and R (25°C) ϭ(0.49Ϯ0.10) s; the error is mainly due to the experiments not being perfectly reproducible. With increasing temperature, the shear modulus G remains constant within error. An equation of the Williams-Landel-Ferry form is appropriate to describe the evolution of the relaxation time with temperature ͓22͔,
with 0 ϭ0.51 s, T 0 ϭ298 K, C 1 ϭ79.4 K, and C 2 ϭ328.6 K. Figure 3͑b͒ represents the variation of R versus T, fitted by Eq. ͑5͒. 
C. Local rheology
The insertion of a local probe in motion within the fluid allows to determine the viscous and elastic moduli of the fluid. Using appropriate Maxwell mechanical equivalent circuits, the equation of motion of the probe inside the fluid is obtained as a function of the external magnetic force ͓Eq. ͑1͔͒ or torque ͓Eq. ͑2͔͒ applied to the probe. The shear modulus and the viscosity of the fluid are then deduced from a fit of the probe motion, and compared to the results obtained in Sec. III B.
Translating bead
The paramagnetic bead inside the fluid is submitted to a homogeneous magnetic force F, at a measured temperature Tϭ30°C. The appropriate Maxwell mechanical equivalent circuit consists of a spring of elastic constant k ͑return elastic force Ϫkz͒ and a dashpot of viscous constant ␥ ͑drag force Ϫ␥ż ͒ in series ͓Fig. 4͑a͔͒; the equation of motion of the bead is then
For a step force F 0 applied at tϭ0, the solution of the Maxwell model can be written
A typical bead displacement z(t) is shown in Fig. 4͑b͒ . The parameters F 0 /k and F 0 /␥ are determined for five different applied forces using Eq. ͑7͒ to fit experimental curves. They are plotted in Fig. 4͑c͒ as a function of the applied force F 0 . They increase linearly with F 0 as expected for a Maxwellian fluid. At Tϭ30°C, one obtains kϭ(0.42Ϯ0.04) Pa m and ␥ϭ(0.062Ϯ0.006) Pa s m. The experimental error is due to the slight discrepancies between independent experiments. To compare these values with the results obtained in Sec. III B using a classical rheometer, the parameters ␥ and k must be linked to the viscosity and the shear modulus G of the surrounding medium. On one hand, the drag force F v exerted by a viscous medium on a spherical bead is given by the Stokes formula ͓23͔: F v ϭϪ6Rż ͑the Reynolds number is very small: ReХ2ϫ10 Ϫ4 at most͒, linking the parameter ␥ to the fluid viscosity ,
␥ϭ6R, ͑8͒
where R is the bead radius. On the other hand, the displacement of a macroscopic bead embedded in an elastic medium is given in Ref.
͓24͔ by averaging the deformation generated by the elastic force F e over the entire surface of the bead: zϭϪ(1/6G)(F e /R). The relation between the shear modulus G and the elastic parameter k is therefore given by nique for determining the viscoelastic linear parameters on a local macroscopic scale using a translating bead probe.
Rotating needle
The ferromagnetic needle inside the fluid is submitted to a magnetic torque ⌫ at a measured temperature Tϭ29°C. In this geometry, we can model the system as a Maxwell mechanical equivalent circuit consisting of a dashpot coupled to a torsion wire, as represented in Fig. 5͑a͒ . The equation of motion of the needle can then be written as
where ⌫ is the applied torque, is the angle through which the needle has turned, C is the wire elastic constant ͑return elastic torque ϪC͒, and is the dashpot viscous constant ͑drag torque Ϫ ͒. To test this hypothesis, we performed an experiment in which a ferromagnetic needle embedded in the Maxwellian micellar solution is submitted to a static magnetic field making an initial angle ␤ϭ45°with the initial needle orientation, as described in Sec. II B. A step magnetic field is applied: Hϭ0 for tϽ0 and HϭH 0 for tу0, resulting in the rotation of the needle towards the magnetic field direction. As the applied magnetic torque depends on the needle direction ͓Eq. ͑2͔͒, calculations are required to derive from Eq. ͑10͒ the angle through which the needle has turned as a function of time. We define a new variable Ј ϭ␤Ϫ, and write
before integrating between 0 ϩ and t. One finally finds
where 0 ϭ(0 ϩ ) is defined by 0 ϭ͑⌫ 0 /C ͒sin͑ ␤Ϫ 0 ͒. ͑11b͒ Figure 5͑b͒ shows a fit of the experimental data (t) using Eq. ͑9͒ with two fitting parameters: ⌫ 0 /C and ⌫ 0 /. Again, the rheological behavior of the fluid is linear for the range of external torque used, as shown in Fig. 5͑c͒ 
Ϫ9
Pa m 3 s. The errors here are due to the fit to the data using Eq. ͑9͒, which is larger than any error due to the reproducibility.
As in the case of the translating bead, the two parameters C and must be linked to the fluid shear modulus and viscosity in order to be compared with the results obtained in Sec. III B using a classical rheometer. The relation between and is given in Ref. parameter C is proportional to the shear modulus G with the same geometrical factor as the one linking the viscous parameter to the viscosity ͓Eq. ͑12͔͒. This is theoretically predicted ͓24͔ for a sphere rotating in a viscoelastic medium and seems to apply to the elongated shape considered here, so that the relation between the elastic constant C and the shear modulus G of the fluid can be written as
IV. APPLICATION TO THE LOCAL RHEOLOGY OF A LAPONITE SUSPENSION
Having validated the experimental methodology, both setups are used to explore the local rheology of Laponite, a complex colloidal fluid, which exhibits thixotropy, shearthinning behavior, and glassy dynamics.
A. Sample description and preparation
Laponite is a synthetic clay (Si 8 Mg 5.5 Li 0.4 H 4 O 24 Na 0.7 ) which consists of colloidal disklike particles of mean diameter 28 nm and thickness Ϸ1 nm ͓26,27͔. The faces of the disks are charged negatively when the particles are suspended in an aqueous solution. The phase diagram of such Laponite suspension exhibits a liquid phase at low particle concentration, a viscoelastic isotropic phase and a viscoelastic birefringent nematic phase when the concentration is increased ͓28͔. The structure of the isotropic viscoelastic phase, also called pasty phase, has been the subject of many studies and remains controversial. Whereas static and dynamic light scattering experiments initially revealed a fractal gel structure ͓29,30͔, Bonn et al. ͓31͔ have found no internal organization within the fluid. In fact, the structure of the pasty phase strongly depends on the suspension preparation and storage conditions ͓31,32͔. The role of the ionic strength has also been invoked ͓33͔ to discriminate between two different regimes: a regime dominated by long-range electrostatic repulsion at low ionic strength (Ͻ10 Ϫ4 M) where the fluid adopts an amorphous structure, and a regime at high ionic strength where the electrostatic repulsion is screened and the particle anisotropy plays a role, giving an internal structure to the fluid ͓34͔. Here, we are interested in the amorphous pasty phase of the Laponite suspension, obtained at low ionic strength. This phase slowly evolves in time, following a glassy dynamics ͓7,11,35͔: its viscosity increases, and the relaxation times depend on the time at which the system has been prepared. A strong shaking can liquefy the fluid ͑thixotropy͒ and reset the aging time to zero: hence, this phenomenon is also called rejuvenation ͓36͔. The liquidpaste transition of colloidal suspensions has therefore been described as a glass transition where the applied stress plays the role of temperature ͓37͔: when the applied stress is decreased below a critical value ͑the yield stress͒, the system is quenched. Derec et al. ͓38͔ sketched a generic phase diagram for this transition in the stress-particle concentration space. The actual temperature does not seem to affect the Laponite suspension properties. In addition, the rheology of the suspension exhibits shear-thinning behavior: the viscosity decreases when the applied strain increases ͓39,40͔. The variety of its mechanical behaviors makes this system a good model system for studying the rheology of complex materials.
The suspensions are prepared by dispersing Laponite particles at 2.7 wt % in distilled water under vigorous stirring at pHϭ10 in order to avoid particle dissolution ͓41͔. At this particle concentration, the solutions are in the pasty phase if no external shear is applied. The ionic strength is set at 10 Ϫ4 M by adding NaOH to the water before dispersing the particles. Once prepared, the Laponite suspension is stored for 10 to 12 days in sealed vials under N 2 atmosphere in order to prevent dissolution of CO 2 from the air, which would lower the pH and affect the chemical stability of the suspension ͓32͔. At tϭ0, the solution is filtered through a 0.8 m microsept filtron, to break up eventual aggregates or structures ͓31͔. Immediately after filtration, the suspension is placed in a 1 cm diameter chamber, a magnetic bead or needle is inserted, and the chamber is covered with a glass plate. This method allows to define a reproducible initial liquid state. After several minutes, the fluid becomes viscoelastic and the experiment can begin.
Let t w be the time elapsed between the sample preparation in the chamber (tϭ0) and the application of the external mechanical perturbation. At tЈϭtϪt w ϭ0, the probe inside the fluid is submitted to a step force or torque and its motion is analyzed. To perform a measurement, a mechanical perturbation is typically applied for several seconds, which is small compared to the fluid age t w ͓limit of large Deborah number Deϭ(characteristic time)/(time of experiment)ϭt w /tЈӷ1͔. In this limit, a mechanical equivalent circuit can be used to describe the relaxation motion of the probe: the fluid viscous and elastic parameters deduced from this analysis do not depend on the duration of the measurement, although they depend on t w . In the following, the displacement of the translating bead in the suspension is analyzed using a linear mechanical model presented in Sec. IV B. This model is used to investigate the influence of the system age on the viscoelastic parameters of the fluid ͑Sec. IV C͒, and the dependence of the fluid viscosity on the strength of the applied force ͑Sec. IV D͒. A needle in rotation in the Laponite suspension is then used ͑Sec. IV E͒ to analyze the effect of the magnetic torque applied to the needle on the elastic response of the fluid. In all the experiments presented here, the stress applied to the magnetic probes is of the order of 10 to 100 Pa ͑see Discussion͒. Such a mechanical perturbation modifies the rheological properties of the Laponite suspension. However, during its displacement, the magnetic bead or needle probes a region of the fluid which has not been previously sheared, although the fluid rheology has been modified behind the probe. We thus use the local magnetic probes both to perturb the fluid and to measure the modification of the viscoelastic parameters under the effect of the applied perturbation.
B. Mechanical linear model for the translating bead
At tЈϭtϪt w ϭ0, the bead inside the fluid is submitted to a step force FϭF 0 . Its translation motion can be decom-posed into three regimes: an instantaneous elastic response at tЈϭ0, a transient regime, and a viscous regime where the bead velocity is constant ͓Fig. 6͑a͔͒. In order to deduce the fluid viscoelastic parameters, such a behavior can be described by a linear Kelvin-Voigt equivalent mechanical circuit involving four independent elastic and viscous parameters k 0 , k 1 , ␥ 0 , and ␥ 1 , as sketched in Fig. 6͑b͒ . In this model, the bead equation of motion is
The solution of Eq. ͑13͒ for a step force F 0 applied at tЈ ϭ0 is
The four parameters k 0 , k 1 , ␥ 0 , and ␥ 1 are obtained by fitting the experimental data z(t) using Eq. ͑15͒. It is convenient to reduce the four independent parameters to two physical parameters: the sum kϭk 0 ϩk 1 , representing the effective elastic parameter of the system at short times, and the viscous parameter ␥ 0 , controlling the viscous regime at long times. An effective Maxwellian characteristic relaxation time can thus be defined as ϭ␥ 0 /kϭ␥ 0 /(k 0 ϩk 1 ).
C. Investigation of aging using the translating bead
The viscoelastic properties of the Laponite suspension are first investigated by varying t w . Different cylindrical containers are filled with a Laponite suspension from the same preparation at tϭ0. The fluid evolves at rest in the container and a force is applied to the bead at tϭt w , during a time tЈϭtϪt w Ӷt w . Each experiment has been replicated a number of times in order to ensure reproducibility. Figure 7͑a͒ shows the bead motion z(tЈ) for different aging times t w . As t w increases, the bead displacement slows down. This means that the viscoelastic moduli of the fluid increase: this behavior is characteristic of aging. In aging systems, the measured response of the system varies as a function of the system age in the following way: z(tЈ,t w )ϭz͓tЈ/a(t w )͔, where a(t w ) is an increasing function of t w ͓42͔. In the Laponite suspension investigated here, we observe an exponential growth of a(t w ): a(t w )Ϸexp(t w /␣), with ␣ϭ(360Ϯ30) sϭ(6.0 Ϯ0.5) min ͓Fig. 7͑b͔͒. Within the error bars, ␣ does not depend on the strength of the applied force.
As the system does not have time to age during a single measurement, the fluid viscoelastic moduli can be determined using Eq. ͑15͒. The aging dynamics are then described by the evolution of the viscoelastic moduli with t w . The four independent viscous and elastic parameters increase with t w ͓Fig. 7͑c͔͒. The effective Maxwellian characteristic relaxation time (t w ) grows exponentially with t w : (t w ) Ϸexp(t w /␤) with ␤ϭ(710Ϯ50) sϭ(12Ϯ1) min of the same order of magnitude as ␣.
D. Investigation of shear-thinning behavior using the translating bead
The rheological properties of the Laponite suspension have also been studied as a function of the strength of the force applied to the magnetic bead. The experimental procedure is presented in Fig. 8͑a͒ : at tϭt w ϭt 1 , a step force of strength F 1 is applied to the bead and the relaxation motion of the bead is recorded. Subsequently, the force is released and the bead moves slightly backwards because of the fluid elasticity. At tϭt 2 , a second step force of amplitude F 2 is applied to the bead. The force is then released before a third step force of amplitude F 3 is applied at tϭt 3 , etc. The fluid viscoelastic moduli are measured as a function of the force amplitude using a linear analysis of the bead displacement under each perturbation. The total measuring time for this sequence is chosen to be small in comparison to the aging time t w . This procedure allows a reliable comparison between the results obtained for different force amplitudes because the measurements are performed in the same chamber, which avoids problems of reproducibility due to the use of different containers. However, because of the small backwards motion of the bead when the force is released, the initial region in which the bead moves when a force is applied at the next step has already been sheared, and the fluid is softer in this region because of the shear-thinning effect. Therefore only the viscous regime of the bead displacement FIG. 6 . ͑a͒ Bead displacement in a Laponite suspension under the effect of a step force F 0 ϭ59.9 N applied to the bead at t ϭt w ϭ20 min. Solid line, best fit of the data using Eq. ͑6͒, with four fitting parameters: k 0 , k 1 , ␥ 0 , and ␥ 1 . At tЈϭtϪt w ϭ5 s, the force is set to zero and the magnetic bead moves backwards due to the fluid elasticity. ͑b͒ Kelvin-Voigt mechanical equivalent circuit used to describe the displacement of a bead in translation in the Laponite suspension.
can be analyzed, since it is only in this regime that the bead explores a region which has not previously been sheared. Figure 8͑b͒ shows the bead motion z(tЈ) for different applied forces. Figure 8͑c͒ represents the variation of the fluid viscosity ϭ␥ 0 /(6R) ͓Eq. ͑8͔͒ as a function of the applied force F, for different aging times. is a decreasing function of F, which is characteristic of the shear-thinning behavior of Laponite suspensions. Within error bars, the variation of versus F is compatible with a power-law behavior. We find FIG. 7 . ͑a͒ Bead displacement in a Laponite suspension for different aging times. After preparation, the suspension ages at rest for a time t w . At tЈϭtϪt w ϭ0, a constant force F 0 ϭ37.0 N is applied to the bead. When t w increases, both the initial jump and the long-time slope of z(tЈ) decrease. This means that the viscous and the elastic moduli of Laponite suspension increase with increase in t w . ͑b͒ Master curve obtained for the same aging times t w as in ͑a͒, after translating horizontally all the curves z͓log 10 (tЈ)͔ from a quantity log 10 ͓a(t w )͔, as suggested in Ref. ͓42͔. The inset shows the variation of a vs t w . The best fit of a(t w ) is exponential: a(t w )Ϸexp(t w /␣) with ␣ϭ(360Ϯ30) sϭ(6.0Ϯ0.5) min. ͑c͒ Evolution of the four linear viscoelastic parameters of the model presented in Fig. 6 as a function of t w . All these parameters are increasing functions of t w . Inset, time evolution of the effective Maxwelian relaxation time 0 ϭ␥ 0 /(k 0 ϩk 1 ). Solid line, exponential fit of 0 (t w ): 0 (t w )Ϸexp(t w /␤) with ␤ϭ(710Ϯ50) sϭ(12 Ϯ1) min of the same order of magnitude as ␣. 
ϷF
Ϫ␦ with an exponent ␦ϭ(2.0Ϯ0.2) independent of the aging time.
E. Investigation of thixotropy using the rotating needle
We now investigate the mechanical behavior of the Laponite suspension with a different geometry of the mechanical perturbation, by using a ferromagnetic needle rotating in the fluid. The ferromagnetic needle is placed inside the fluid at tϭ0. At tϭt w , it is submitted to an external magnetic field. The initial angle between the field and the needle axis is 45°. Again, the rotation of the needle towards the magnetic field may be decomposed into three stages: first, an elastic regime in which the needle turns instantaneously in the fluid; then a transient regime and finally a slow relaxation towards equilibrium ͑see Fig. 9͒ .
There is no analytical solution for the needle turning angle as a function of time in this case because the applied stress changes during the needle rotation. In addition, all the viscoelastic parameters of the fluid vary because of shearthinning effect. Therefore, only the initial regime of the needle relaxation at tЈϭ0 can be analyzed. At tЈϭ0 ϩ , just after the needle has turned instantaneously from an angle 0 , the magnetic torque ⌫ ϩ ϭ⌫ 0 sin(45Ϫ 0 ) applied to the needle equilibrates with the elastic torque exerted by the fluid to the needle. Figure 10͑a͒ shows the variation of the fluid elastic constant C determined by the measurement of 0 using Eq. ͑11b͒ versus ⌫ ϩ . One notices that C is not a monotonic function of ⌫ ϩ . Therefore the linear analysis is, in the case of the rotating needle, unlikely to produce a proper estimation of the elastic constant of Laponite.
However, one notices that ⌫ ϩ has no marked dependence on the initially applied torque ͓see Fig. 10͑b͔͒ . Over a wide range for ⌫ i , the torque ⌫ ϩ is constant within error. It seems that Laponite behaves as a dynamical yield stress fluid: when the stress is too large, the fluid ruptures under the stress and the needle turns instantaneously on the time scale of the observation, until the stress decreases to a threshold value. This threshold value is a nonlinear characteristic of the fluid. Persello et al. ͓43͔ have noticed a similar behavior in concen- ϩ , just after the instantaneous elastic angle step. Full circles, t w ϭ60 min; empty circles, t w ϭ100 min. The variation of C vs ⌫ 0 is erratic. Therefore, a linear model is not applicable to describe the rotation of the needle in the Laponite suspension. ͑b͒ Value of the torque ⌫ ϩ just after the angle step, as a function of the initial torque ⌫ i . The horizontal line represents the mean value ͑0.67 nJ here͒. The aging time is 20 min. ͑c͒ Evolution of the dynamical threshold value of the torque ⌫ ϩ with the aging time t w . The error bars represent the estimated standard error of the measurements for different initial torques. The plain curve represents an exponential relaxation function with a time constant of 1500 s and a saturation value of 1.23 nJ.
trated colloidal aqueous silica dispersions. 4 It is believed that when the stress is very intense the structure of the fluid is altered; the fluid then behaves as a brittle material, and intense shear localizes in fractures.
Plotting the dynamical yield stress as a function of the aging time ͓Fig. 10͑c͔͒, one notices a possible exponential relaxation behavior with a time constant of 25 min ͑1500 s͒. There is roughly a factor 2 difference with the aging time constant of the viscoelastic moduli, which is the same order of magnitude.
V. DISCUSSION
A. Validation of the local probes, and applications
In this paper, the rheology of viscoelastic complex fluids has been probed at a local but nevertheless macroscopic scale, using two different geometries for the perturbation. First, the translation of a magnetic bead inserted in the bulk of the material and submitted to a homogeneous controlled magnetic force has been used to determine the viscoelastic moduli of a Maxwellian micellar solution of surfactant. The values obtained are identical to within a few percent to those found using a traditional Couette rheometer, which validates the method. An interesting application of this local probe, based on the fact that the viscoelastic moduli are measured in the direction of the applied force, would be the investigation of the rheology of anisotropic fluids, such as the surfactant solution presented in Sec. III in the shear-banded regime ͑high applied stress͒.
The second technique is based on the rotation of a magnetic needle inside the fluid, under the influence of a controlled magnetic torque. Having extended the Maxwell model to the description of this geometry of perturbation, the viscoelastic moduli of the Maxwellian fluid have been measured via the analysis of relaxation of the needle orientation towards the direction of the applied magnetic field. Again, this method has been validated by the comparison with the results obtained using standard rheometric measurements. A further application of the rotating magnetic needle is based on the fact that in this geometry, the elastic and viscous torques applied to the needle both scale as the needle volume, as well as the magnetic torque. Therefore, at mechanical equilibrium, the equation of motion of the needle does not depend on the needle volume, contrary to the case of the translating bead. It should thus be possible to continuously vary the size of the magnetic probe from a millimetric to a nanoscopic scale. In the case of complex fluids, which are structured at many different length scales, the rheological response of the fluid is expected to change when the probe reaches a size comparable to a characteristic length scale of the fluid. This tool can thus be used to explore the link between rheology and structure in complex fluids. Applying an oscillating stress will also allow to perform a complete rheological study, probing all the pertinent lengths and time scales of the analyzed material.
B. Application to the rheology of a Laponite suspension
Having validated the experimental methodology, the local probes have been used to investigate aging, shear thinning, and thixotropy of the isotropic pasty phase of a Laponite colloidal suspension, whose rheology is still poorly understood. We have found that the characteristic rheological relaxation time of the fluid grows exponentially with the age of the system t w . This result confirms recent independent measurements performed on Laponite suspension using dynamic light scattering ͑DLS͒ ͓35͔. Both experiments have been performed in the early stage of aging, when the typical relaxation time of the system is small compared to the system age, Ӷt w ͑/t w Ϸ10 Ϫ2 in the experiments presented in this paper͒. In a later stage of aging, when is of the order of t w , a power-law scaling of versus t w is generally observed, in Laponite suspensions ͓11͔ and in many other physical systems ͓9,36,38,42͔. The good agreement between our results and the results obtained using DLS ͓35͔ is instructive, as relaxation times determined using DLS or rheological measurements are of a different nature. DLS allows to determine a microscopic relaxation time, which is the time for the positions of the colloidal Laponite particles to decorrelate. Rheology measures a macroscopic characteristic time, defined as the ratio between the fluid viscous and elastic modulus. In aging systems, which are out of equilibrium, no link exists a priori between the microscopic fluctuations and the fluid viscosity, although such a relation is experimentally observed. More experiments, coupling DLS and rheological measurements, are needed to explore this link.
Varying the applied stress, we have found that the variation of the viscosity of the pasty phase of Laponite versus the applied force F is compatible with a power law:
ϷF Ϫ␦ with an exponent ␦ϭ(2.0Ϯ0.2) independent of the system age. This result can be compared to the measurement of Bonn et al. ͓40͔ performed on Laponite suspension using a Couette rheometer. Varying the shear rate of the shearing plate, the authors have found that the fluid viscosity scales as a power law with the shear rate: Ϸ Ϫ with ϭ(0.66 Ϯ0.02). Assuming that the force is proportional to in the viscous regime, this measurement gives ␦ϭ/(1Ϫ)ϭ(1.9 Ϯ0.1), which is in good agreement with our measurements. This similarity is, however, surprising as the experimental procedure in both methods is different. Bonn et al. have performed measurements in the stationary regime, reached after shearing the fluid for several hours in a Couette rheometer. In our experiments, the viscosity is measured a few seconds after the force is applied to the magnetic bead, and the bead explores a region that has not been previously sheared. The similarity between both measurements suggests that the aging and shear-thinning behavior of Laponite could be independent, the viscosity of the suspension being a product of a function of t w times a function of the applied force or shear rate.
Finally, using the magnetic needle rotating inside the Laponite suspension, we have investigated a nonlinear re-gime, in which the stress applied to the needle instantaneously relaxes to a fixed value, independent of the initial applied magnetic torque. This behavior is compatible with the fracturation of the pasty phase, which is responsible of the thixotropy of colloidal suspensions. The applied threshold torque above which the fracture regime appears increases with the age of the suspension, with a characteristic time which is of the same order of magnitude as the increasing time of the suspension rheological time.
To unify the different regimes investigated with the translating bead and with the rotating needle, a proper estimation of the stress applied to the fluid is needed. In the case of the translating bead, the applied stress as a function of the applied force amplitude can be written as: ХF 0 /(4R 2 ), where R is the radius of the bead. For the range of the used force amplitudes, between 18 and 37 N, the stress applied to the bead ranges between 5 and 10 Pa. The stress applied at the tip of the rotating needle can be estimated as Х⌫ i /(12L 3 ), where L is the length of the needle. As ⌫ i varies between 0.6 and 3.9 nJ during experiments, this corresponds to a stress applied to the tip of the needle between 16 and 95 Pa. However, the viscoelastic internal stress is not homogeneous at the surface of the probe, and these considerations only give an order of magnitude estimate of the applied stress during the experiment. We can still conclude that the maximum stress applied at the tip of the rotating needle is in average higher than the stress applied to the translating bead. This is compatible with the fact that the bead explores the pasty phase of the Laponite suspension investigated, whereas the needle explores the transition from the pasty phase to the liquid phase, which occurs when the stress increases.
VI. CONCLUSION
In this paper, we have introduced an experimental method to locally investigate the rheology of complex fluids. A magnetic probe, inserted in the bulk of the fluid, is submitted to a controlled external magnetic stress. The viscoelastic moduli of the fluid are deduced from the analysis of the motion of the probe in the fluid. This experimental methodology has first been validated using a well-known fluid having a linear Maxwellian rheological behavior. Then, the rheology of a Laponite colloidal suspension has been investigated. We have obtained the following results.
͑1͒ Aging. The characteristic rheological time of the suspension increases exponentially with the age of the suspension. The experiments have been performed in the early stage of aging, where the characteristic rheological time is small compared to the system age.
͑2͒ Shear thinning. The viscosity of the suspension decreases when the applied stress increases. This decrease is compatible with a power law: Ϸ Ϫ␦ with ␦ϭ(2.0Ϯ0.2) independent of the system age. ͑3͒ Thixotropy. Above a threshold applied stress, the rotating needle shows a regime which is compatible with a fracture regime in the fluid, and could be the beginning of the transition from the viscoelastic phase towards a liquid phase. This yield stress is an increasing function of the suspension age.
The experimental methods presented in this paper are promising for future investigation of complex fluids. The translating bead can be used to determine the viscoelastic moduli of anisotropic fluids. The rotating needle will be used to probe, by the means of rheology, all the pertinent length and time scales of a complex fluid, by varying the frequency of the applied stress, and the size of the probe from a millimetric to a nanoscopic scale.
